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This paper firstly show that a recent model (Tian et al., Transpn. Res. B 71, 138-157, 2015) is not 
able to well replicate the evolution concavity in traffic flow, i.e. the standard deviation of vehicles 
increases in a concave/linear way along the platoon. Then we propose an improved model by 
introducing the safe speed, the logistic function of the randomization probability, and small 
randomization deceleration for low-speed vehicles into the model. Simulations show that the 
improved model can well reproduce the metastable states, the spatiotemporal patterns, the phase 
transition behaviors of traffic flow, and the evolution concavity of traffic oscillations. Validating 
results show that the empirical time series of traffic speed obtained from Floating Car Data can be 
well simulated as well. 
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1. Introduction 
The formation and evolution of traffic congestion has been investigated for decades (see e.g., Brackstone and 
McDonald, 1999; Chowdhury, 2000; Helbing, 2001; Nagatani, 2002; Treiber and Kesting, 2013; Kerner, 2004, 2009, 
2013; Saifuzzaman and Zheng, 2014; Zheng, 2014). Various traffic flow data have been collected to clarify the nature 
of traffic flow dynamics (Ranjitkar et al., 2003; Kerner, 2004; Bertini and Monica, 2005; NGSIM, 2006; Laval and 
Daganzo, 2006; Ahn and Cassidy, 2007; Wagner, 2006, 2010, 2012; Sugiyama et al., 2008; Zheng et al. 2011; Shott, 
2011; Tadaki et al., 2013; Laval et al., 2014; Jiang et al. 2014, 2015). 
Based on the empirical observations, traditionally two traffic phases are classified: free flow (F) and congested 
flow. However, by analyzing the long term detector data available to him, Kerner (2004) further distinguished the 
congested traffic into wide moving jams (J) and synchronized traffic flow (S). The wide moving jam is a moving 
structure in which vehicles stop or nearly stop. The downstream front of a jam moves upstream with a characteristic 
speed about 15km/h. In contrast, synchronized flow is usually fixed at traffic bottlenecks and the flow rate in the 
synchronized flow is much larger than that in jam. For the synchronized flow that moves upstream, the propagating 
speed of its downstream front is not necessarily the characteristic speed. 
Kerner claimed that traffic breakdown corresponds to a phase transition from free flow to synchronized flow. Wide 
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moving jams usually emerge from the synchronized flow. As a result, the transition from free flow to jams corresponds 
to a F→S→J process. In an open road section with an isolated bottleneck, two types of spatiotemporal traffic patterns 
can be observed: the general pattern and the synchronized flow pattern. In the synchronized flow pattern, which includes 
the widening synchronized pattern (WSP), the localized synchronized pattern (LSP), and the moving synchronized 
pattern (MSP), no traffic jam occurs. In contrast, in the general pattern, traffic jam emerges spontaneously from the 
synchronized flow due to the pinch effect.  
The spontaneous formation of jams is an important feature in traffic flow. Treiterer and Myers (1974) have shown 
the trajectories of phantom jam, i.e. jams that arise in the absence of any bottleneck. Coifman (1997) also presented the 
trajectories of thirteen shockwaves in platoons, where small disturbance grows as it propagates upstream until vehicles 
come to a stop. Sugiyama (2008) and Tadaki et al. (2013) performed traffic experiment on a circuit to investigate the 
emergence of a jam without bottleneck. The experiments showed that when the density is below a critical value, traffic 
flow is stable and no jam emerges. However, above another critical density, traffic flow becomes unstable and jam 
always occurs spontaneously. Between the two critical densities, traffic flow is metestable and the spontaneous 
formation of jam can be observed probabilistically. 
Another important feature in traffic flow is growth process of oscillations. Recently Jiang et al. (2014, 2015) carried 
out the car following experiments concerning a platoon of 25 passenger cars on a 3.2-km-long open road section. The 
leading vehicle was asked to move with constant speed. The formation and development of oscillations have been 
observed. It has been found that standard deviations of velocities increase in a concave or linear way along the 25-car-
platoon. For the latter case, it can be expected that if we had a much longer platoon, the variations of speed of cars in 
the tail of the platoon would be capped due to the physical limits of speeds. Thus the growth rate would bend downward, 
making the overall curve concave shaped.  
In order to simulate the features of traffic flow, many traffic flow models have been proposed. Recently, Tian et al. 
(2015) have proposed a cellular automaton model, in which there does not exist hypothetical congested steady state, 
and is therefore named as Non-Hypothetical congested steady state Model (NHM). In NHM, the space gap between two 
vehicles will oscillate around the (speed dependent) desired value rather than maintaining this value in the deterministic 
limit in congested traffic flow. This mimics the empirically observed phenomenon that even if the stimulus vanish, the 
vehicles incline to accelerate or decelerate most of the time, i.e. NHM assumes that there are no congested steady states 
at all, whether hypothetical or not. It was shown that the model is able to simulate the spatiotemporal patterns and the 
phase transition behavior in traffic flow. 
Nevertheless, as shown in Section 2.1, the NHM has two deficiencies: (i) On the one hand, the NHM is not able to 
well replicate the evolution concavity in traffic flow; (ii) On the other hand, the cell length is set to 7.5m. As a result, 
the model cannot describe the detailed structure of traffic flow. Motivated by this fact, this paper proposes an improved 
NHM, which is able to simultaneously well reproduce the spatiotemporal patterns, the phase transition behavior as well 
as the evolution concavity in traffic flow. 
The paper is organized as follows. Section 2.1 reviews the original NHM and shows its deficiency. Section 2.2 
analyzes the revised NHM with the refined cell length 0.5m. Section 2.3 presents the improved NHM. Section 3 carries 
out simulations with the improved model and shows that it can well reproduce the empirical and experimental findings. 
Section 4 tests the performance of the improved model by the Floating Car Data. Section 5 makes a discussion on state-
of-the-art of traffic flow modeling. Section 6 concludes the paper. 
 
2. The improved NHM 
2.1 NHM 
For self-consistency of the paper, let us briefly review the NHM. The update rules of NHM are: 
1. Acceleration: 
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vn(t+1)=min(vn(t)+a, vmax). 
2. Deceleration: 
vn(t+1)=min(vn(t+1), dn,eff(t)). 
3. Randomization with probability pn(t+1): 
if (rand()<pn(t+1)) then vn(t+1)=max(vn(t+1)-brand(t+1), 0). 
4. Determination of tn,st(t+1):  
if (vn(t+1)=0) then tn,st(t+1)=tn,st(t)+1, 
if (vn(t+1)>0) then tn,st(t+1)=0. 
5. Car motion: 
xn(t+1)=vn(t+1)+xn(t). 
Here dn,eff(t)=dn(t)+max(vanti(t)-gsafety, 0) is the effective gap and vanti(t)=min(dn+1(t), vn+1(t)+a, vmax) is the expected speed 
of the preceding vehicle in the next time step. gsafety is a safety parameter to avoid accidents and the constraint gsafety≥brand 
should be satisfied. a is the average acceleration. The randomization probability pn(t+1) and randomization deceleration 
brand are defined as: 
pn(t+1)=paH(vn(t)T-dn,eff(t))+pb(vn(t),0)H(tn,st(t)-tc)+pc          (1) 
brand(t+1)= bdefensH(vn(t)T-dn,eff(t))+a              (2) 
where T is the effective safe time gap. The Heaviside's function H(x)=1 if x>0, otherwise H(x, y)=0. The function (x, 
y)=1 if x=y, otherwise (x, y)=0. tn,st(t) denotes the time since the last stop for standing vehicles, while tn,st(t)=0 for 
moving vehicles. NHM can reproduce the synchronized traffic flow.  
 
Table 1. Parameter values of NHM. 
Parameters Lcell Lveh vmax T pa pb pc a bdefense gsafety tc 
Units m Lcell Lcell/s s - - - Lcell/s2 Lcell/s2 Lcell s 
Value 7.5 1 5 1.8 0.95 0.55 0.1 1 1 2 8 
 
The parameter values of NHM are shown in Table 1. Fig.1 is the simulation results of Jiang’s car following 
experiment (see Section 3.3 for the detail instruction of the simulation setup). The parameters of the model are can be 
found in Tian et al. (2015). Since the cell length is set to Lcell = 7.5m, the NHM cannot describe the detailed structure of 
traffic flow. Specifically, the velocity of leading car can only equal to 27km/h (1Lcell/s), 54km/h (2Lcell/s), 81km/h 
(3Lcell/s)… As a result, one can only make a rough comparison between simulation and experiment. Fig.1 shows that 
even a rough comparison demonstrates that the standard deviation is largely deviated from the experimental data and 
the spatiotemporal characteristics are not consistent with the experimental one. 
 
Fig. 1. (a) Comparison of the simulation result and experiment result of the standard deviation of the velocities of the cars and (b) the 
spatiotemporal patterns of the platoon traffic when the leading vehicle moves with the constant speed vl=54km/h. In the experiment, the 
leading vehicle is required to move with vl=50km/h. 
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2.2 NHM with refined cell length 
To better describe the detailed structure of traffic flow, we set the cell length Lcell = 0.5m, and parameter values are 
shown in Table 2. Fig.2 shows the flow-density and speed-density diagrams of the model with refined cell length (see 
Section 3.1 for the detail instruction of the simulation setup). As a comparison, the results of NHM with Lcell=7.5m are 
also presented, which shows that the flow-density and speed-density diagrams are significantly different from that of 
NHM with Lcell= 0.5m. The homogeneous initial condition results in the coexistence state of synchronized flow and free 
flow in NHM with Lcell = 7.5m (Fig.3(a)), however, it leads to a strange state in NHM with Lcell = 0.5m (Fig.4(a)). As to 
the megajam initial condition, both models have simulated the coexistence state of wide moving jam and free flow 
(Fig.3(b) and Fig.4(b)). However, in the density range K>K1, the flux and speed initiated from the homogeneous initial 
condition are always higher than that from the megajam initial condition, which is also inconsistent with that of NHM 
with Lcell = 7.5m and not in line with the reality since in the high density region, wide moving jams will emerge finally. 
 
Table 2. Parameter values of NHM with refined cell length. 
Parameters Lcell Lveh vmax T pa pb pc a bdefense gsafety tc 
Units m Lcell Lcell/s s - - - Lcell/s2 Lcell/s2 Lcell s 
Value 0.5 15 75 1.8 0.95 0.55 0.1 1 1 2 8 
 
 
Fig.2. Flow-density and speed-density diagrams of (a) NHM with Lcell = 0.5m and (b) NHM with default Lcell = 7.5m. "Homogeneous IC" 
represents the initially homogenous distribution of traffic, and "Jams as IC" represents the initially megajam distribution of traffic. 
 
Fig.3. The spatiotemporal diagrams of NHM with Lcell = 7.5m on the circular road with the density k=24veh/km. In (a) the traffic starts 
from a homogenous initial distribution. In (b) the traffic starts from a megajam. The horizontal direction (from left to right) is time and 
the vertical direction (from down to up) is space. 
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Fig.4. The spatiotemporal diagrams of NHM with Lcell = 0.5m on the circular road with the density k=48veh/km. In (a) the traffic starts 
from a homogenous initial distribution. In (b) the traffic starts from a megajam. 
 
2.3. The improved NHM 
In the NHM, there exist intrinsic large fluctuations. We introduce the safe speed, the logistic function for the 
randomization probability and small randomization deceleration for low-speed vehicles into the NHM to avoid large 
decelerations and large fluctuations. Small randomization probability and randomization deceleration for low-speed 
vehicles presume that the average decelerations of low-speed vehicles are smaller than that of high-speed vehicles, 
which is supported by the experimental data shown in Table 3. One can see that the mean deceleration of all following 
vehicles in Jiang’s car-following experiments in low velocity (7km/h) is much smaller than that of vehicles in high speed 
states (no less than 15km/h). 
 
Table 3. Mean decelerations of all following vehicles in Jiang’s car-following experiments (Jiang et al. (2014)). 
vl  (unit: km/h) 7 15 30 40 50 
mean deceleration (unit: m/s2) -0.111 -0.278 -0.221 -0.239 -0.25 
 
Therefore, the deceleration step is revised as: 
2. Deceleration: 
vn(t+1)=min(vn(t+1), dn,eff(t), vn,safe(t)). 
vn,safe(t) is the safe speed defined by the simplified Gipps model (see Equation 11.10 of Treiber and Kesting, 2013): 
2 2
max msafe ax 1 max, ( ) round( ( ) 2 ( ))n nnv t b b v t b d t              (3) 
This safe speed is applied to keep safety if the leading vehicle n+1 decelerates with the maximum deceleration bmax to a 
complete stop. The function round() returns the value of a number rounded to the nearest integer. The randomization 
probability pn(t+1) and randomization deceleration brand are redefined as: 
1
a
,eff b c( )( )
( 1) H( ( ) ( ) Δ( ( ),0 ))
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n n n nv v t
p
p t v t T d t p v t p
e
 
 

          (4) 
defens ,er f 2fand( 1) H( ( ) ( ))H( ( ))n n n ct b v t T d t v t vb a              (5) 
where  and vc1 are the steepness and midpoint of the logistic function. Since the fluctuations are greatly diminished 
and velocity in the synchronized will not decrease to zero, step 4 (i.e. Determination of tn,st(t+1)) can be removed. 
In the improved model, the steady states of congested traffic still do not exist. The space gaps oscillate around the 
desired gap, which is fulfilled by the rule that drivers tend to keep the effective gap no smaller than vn(t)T, otherwise 
drivers will become defensive by increasing the spontaneous braking probability from pc to pa+pc and the associated 
deceleration from 1 to brand. Since the safe speed is introduced, this model is named as the Non-Hypothetical congested 
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steady state with Safe speed cellular automaton Model (NHSM). 
 
3. Simulation analysis 
Firstly, traffic flow on a circular road and on an open road with an on-ramp are reproduced to simulate the findings 
of Sugiyama et al. (2008) and Tadaki et al. (2013), and Kerner (2004, 2009), respectively. Then we simulate the car 
following experiments shown by Jiang et al. (2014, 2015). 
During the simulation, the cell length and vehicle length are set as 0.5m and 7.5m, respectively, i.e. Lcell= 0.5m and 
Lveh = 15Lcell= 7.5m. One time step corresponds to 1s. The parameter values of NHSM are shown in Table 4.  
 
Table 4. Parameter values of NHSM. 
Parameters Lcell Lveh vmax T pa pb pc a bmax bdefense gsafety vc1 vc2  
Units m Lcell Lcell/s s - - - Lcell/s2 Lcell/s2 Lcell/s2 Lcell Lcell/s Lcell/s Lcell/s 
Value 0.5 15 60 1.8 0.88 0.5 0.08 1 6 1 20 30 5 10 
 
3.1 Circular road 
The following two initial configurations are used in the simulations: 1) all vehicles are homogeneously distributed 
on the road; 2) all vehicles are distributed in a megajam. Fig.5 shows the flow-density and velocity-density diagrams of 
NHSM, where the upper two branches (K1< K< K2 and K2< K< K3) are from the initial homogeneous distribution, while 
the lower branch is from the initial megajam (K1< K< K3). In the branch that the density is smaller than K1, there is only 
free flow on the road (Fig.6(a)). In the upper branch when the density is in the range of K1< K< K2, the synchronized 
flow and free flow coexist (Fig.6(b)) and the speed in synchronized flow is very high; while in the upper branch that the 
density belongs to the range of K2< K< K3, the synchronized flow and free flow still can coexist (Fig.6(c)) but the speed 
in synchronized flow is smaller than that of the density range K1< K<K2; with the increase of the density, free flow will 
disappear and only synchronized flow can be found (Fig.6(d)). When the density is greater than K3, the synchronized 
flow is unstable, and wide moving jams will appear finally (Fig.6(e)). For the lower branch formed from the initial 
megajam, traffic will evolve to the state that wide moving jams and free flow coexist (Fig.6(f)). Furthermore, it can be 
found that when the density is smaller than K2, wide moving jams cannot exist, which means that the synchronized flow 
is very stable in the range of K1< K< K2, in which the speed is greater than 65km/h. This is different from NHM in which 
the synchronized traffic flow is always in the metastable stable state or unstable state. 
Fig.7 shows the spontaneous transitions from free flow to synchronized flow (FS) and from synchronized flow 
to wide moving jams (SJ). Therefore, three traffic phases, the metastable states and two first order transitions (FS 
and SJ transitions) are clearly distinguished. 
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Fig. 5. Flow-density and speed-density diagrams of NHSM. "Homogeneous IC" represents the initially homogenous distribution of 
traffic, and "Jams as IC" represents the initially wide moving jam distribution of traffic. 
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Fig. 6. The spatiotemporal diagrams of NHSM on the circular road. In (a-f) the density k=21, 24, 29, 35, 29, 37veh/km, respectively. In 
(a-d, f) the traffic starts from a homogenous initial distribution. In (e) the traffic starts from a megajam. 
 
Fig. 7. The FS and SJ transitions of NHSM on the circular road from a homogenous initial distribution. (a) the density k = 23veh/km; 
(b) k = 40veh/km. 
 
3.2 Open road with an on-ramp 
We simulate the NHSM to study the traffic patterns that emerge near an on-ramp on an open road. qin is the traffic 
flow entering the main road in units of vehicles per hour and qon is the traffic flow from the on-ramp. When the space 
gap between two vehicles on the main road in the on-ramp region exceed the value dcri (=βLveh + vl, where vl is the 
velocity of the leading vehicle,  = 0.65 and β =1.8), a vehicle will be inserted into the middle of them. The length of 
the on-ramp region is set as Lramp=30Lveh. The details of the simulation setup can be found in Tian et al. (2015). 
Fig.8(a) shows the spatiotemporal features of the moving synchronized flow (MSP) where both the upstream and 
downstream fronts propagate along the upstream direction of traffic flow. Fig.8(b) exhibits the widening synchronized 
flow (WSP), where only the upstream front propagates upstream and no wide moving jams appear. Fig.8(c) gives the 
local synchronized pattern (LSP) where the synchronized flow is only localized in the vicinity of the on-ramp region. 
Fig.8(d) shows the General Pattern (GP) that wide moving jams continuously emerge in the synchronized traffic flow. 
Therefore, the main empirical findings are successfully simulated by NHSM.  
Moreover, the propagation velocity of the downstream of the simulated MSP is about -19km/h, which falls into the 
realistic range between -20 and -10km/h (Treiber, et al. 2010). This is a remarkable characteristic of NHSM, since it is 
better than that in most models that could simulate the synchronized traffic flow, in which the propagation velocity of 
the boundaries and internal structures of synchronized traffic flow are unrealistic high, for example, in NHM and Kerner-
Klenov-Wolf model (KKW, Kerner et al., 2002), the velocity is about -27km/h and -30km/h, respectively. 
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Fig. 8. The spatiotemporal diagrams of NHSM on an open road with an on-ramp. (a) qin=2042, qon =31 (MSP), (b) qin=1957, qon 
=21 (WSP), (c) qin=1623, qon =247 (LSP), (d) qin=1812, qon =104 (GP) (unit: veh/h). 
 
3.3 Car-following experiment simulation 
The platoon of 25 vehicles are investigated. All vehicles are initially distributed in a megajam. The leading vehicle 
accelerates freely to a prescribed velocity vl and then moves constantly with vl. The simulation continues for 50000s 
and the first 10000s are discarded to let the transients die out. Fig.9 shows that under various velocity vl, the formation 
and evolution of oscillations of NHSM look very similar to that of Jiang’s experimental data. Fig.10 shows that the 
growth rate of the disturbances is also consistent with the experimental data. 
Furthermore, we compare the speed profile of different following vehicles in Jiang’s experiments with the 
predictions of NHSM. Since NHSM is a stochastic model, the probability distribution of the following vehicles was 
estimated through repeated simulations of the lead vehicle problems (LVPs, Laval et al., 2014). On a LVP, the leading 
vehicle is asked to move according to the experimental data, while the following vehicle is modeled by NHSM. Fig.11 
summarizes all results for experimental and simulated velocity profiles of the following vehicles under different car 
following experiments. One can see that all experimental profiles are almost falls into the 90%-probability bands, which 
means that the movements of the following vehicles can be predicted by NHSM. 
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Fig. 9. The spatiotemporal patterns of the platoon traffic. The car speed is shown with different colors (unit: km/h) as function of 
time and car number. The left and right Panels show the experimental results and the simulation results of NHSM. In (a, a1) - (e, e1), the 
leading vehicle is required to move with vl=50, 40, 30, 15, 7km/h respectively. In the simulation, the velocity of the leading car is set the 
same as in the experiment. 
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Fig. 10. Comparison of the simulation results (symbol solid red lines) and experiment results (symbol solid blue lines) of the standard 
deviation of the velocities of the cars. The car number 1 is the leading car. 
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Fig. 11. Car following investigations. The red lines are the experimental velocity profiles of different following vehicles taken from 
Jiang’s experiments. The shaded areas are the simulated velocity profiles with 90%-probability band. In (a, a1, a2) - (e, e1, e2), the 
experimental leading and following vehicles are from different experiments where vl=50, 40, 30, 15, 7km/h respectively. 
 
4 Floating Car Data Validation 
To test the performance of NHSM, we need to validate it by empirical data sets. Three Floating Car Data (FCD) 
sets (Kesting and Treiber, 2008) are applied, which are provided by Robert Bosch GmbH (DLR, 2007) and recorded 
during an afternoon peak period on a fairly straight one-lane road in Stuttgart, Germany. A car equipped with a radar 
sensor in front provides the relative speed and gap to the car ahead. The durations of the measurements are 400s, 250s 
and 300s, respectively. The data are recorded with a frequency of 10 Hz, i.e. with a time increment of 0.1s. The first 
two sets are limited to the low speed situations below approximately 6m/s, corresponding to the gaps smaller than 12m 
most of the time. In set 3, the speed varies in the range of 0m/s and 18m/s, which contains a jump in the gap to the leader 
from approximately 20m to 40m at a time of about 144s because of a passive lane change of the leader. 
During the simulation, we calibrated the model parameters and the results show that the acceleration of NHSM a 
needs to be adjusted to 2Lcell/s2 and other parameters are still as shown in Table 2. Fig.12 shows the validation results, 
which illustrate that MHSM can simulate the FCD very well. 
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Fig. 12. Comparison of simulated and empirical trajectories. 
5. Discussion 
In order to simulate the features of traffic flow, different kinds of models have been proposed, such as the car-
following models (Chandler et al. 1958;Newell, 2002;Rakha and Crowther, 2003;Kesting and Treiber, 2008; Laval and 
Leclercq, 2010;Chen et al. 2012a, 2012b; Aghabayk et al. 2013), the cellular automata models (Nagel and Nagel, 
1992;Kerner et al., 2002; Hafstein et al., 2004) and hydrodynamic models (Lighthill and Whitham, 1955; Papageorgiou 
1998; Wong and Wong 2002). 
In traditional two phase models, such as the General Motor models (GMs, Chandler et al., 1958; Gazis et al. 1961; 
Edie, 1961), Gipps’ Model (Gipps, 1981), Optimal Velocity Model (OVM, Bando et al., 1995), Full Velocity Difference 
Model (FVDM, Jiang et al., 2001) and Intelligent Driver Model (IDM, Treiber et al., 2000), it is usually assumed either 
explicitly or implicitly that there is a unique relationship between density and flow in stationary homogeneous traffic of 
identical vehicles, which is called the fundamental diagram. In the two-phase models, formation of traffic jams is 
explained via linear instability of the models. 
However, Kerner (2004) argued that the two-phase models cannot well reproduce the empirical features of traffic 
flow, in particular, the traffic breakdown from free flow to synchronized flow. Jiang et al. (2014, 2015) have shown that 
the simulation results of the two-phase models with additional reasonable acceleration noise run against the 
experimental finding, in which the standard deviation initially increases in a convex way in the unstable density range. 
Kerner proposed the three-phase traffic theory, in which it is hypothesized that the steady states of synchronized 
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flow should cover a two-dimensional region in the flow–density plane. Based on Kerner’s three-phase traffic theory, 
many models have been developed, such as the Kerner-Klenov-Wolf model considering the speed adaptation effect 
(KKW, Kerner et al., 2002), the model considering mechanical restriction versus human overreaction (Lee et al., 2004), 
the model considering the brake light effect (Jiang and Wu, 2003, 2005), the model assuming that randomization 
depends on speed difference (Gao et al. 2007, 2009) and so on. These models have been claimed to be able to simulate 
the spatiotemporal patterns of traffic flow. 
Recently, Jiang et al. (2014) also found that by removing the fundamental diagram and allowing the traffic state to 
span a two-dimensional region in velocity-spacing plane, the growth pattern of disturbances has changed and becomes 
qualitatively in accordance with the observations. In particular, the 2-Dimensional Intelligent Driver Model (2D-IDM) 
considering variable desired time headway can fit the experimental results quantitatively well. 
Now a question arises naturally, i.e., can these models simultaneously well simulate the known traffic flow features 
as the NHSM? We have carried out simulations with several models mentioned above. Unfortunately none of them has 
been found to perform as well as the NHSM. Specifically, the KKW model, the model of Lee et al., the brake light 
model, and the model of Gao et al. cannot well reproduce the evolution concavity of the traffic flow. The 2D-IDM fails 
to simulate the synchronized flow pattern. Nevertheless, on the one hand, the NHSM is cellular automaton model. 
Although the cell length is set to 0.5m, the model is still coarse-grained comparing with car following models which are 
continuous in both time and space. Therefore, efforts are needed in the field of traffic flow modeling to establish well-
performing car-following models. On the other hand, the ability of NHSM to depict traffic features to be revealed by 
future data needs to be carefully investigated in the future work. 
 
6. Conclusion 
Traffic flow models play significant role in traffic micro-simulations. Models that can reproduce all identified 
traffic phenomena are always pursued to flourish and advance traffic flow theory. In a recent paper, Tian et al. (2015) 
have proposed a NHM model based on the assumption that the space gap between two vehicles will oscillate around 
the (speed dependent) desired value rather than maintain this value in the deterministic limit in congested traffic flow. 
Although the NHM has successfully simulated the spatiotemporal patterns of traffic flow, it is not able to well replicate 
the evolution concavity in traffic flow. 
This paper proposes an improved NHM by introducing the safe speed and the logistic function of the randomization 
probability. Simulations show that the improved NHM can well reproduce all identified phenomena. Specifically, 
simulations on an open road with a moving bottleneck (realized by a slow moving leading vehicle in a platoon) illustrate 
that the evolution concavity of traffic oscillations can be well reproduced. Simulations on a circular road show that the 
improved model is able to depict the metastable state, free flow, synchronized flow, jams as well as the transitions 
among the three phases. Simulations on an open road with an on-ramp demonstrate that the spatiotemporal patterns of 
traffic flow can be well described. Validating results show that the empirical time series of traffic speed obtained from 
Floating Car Data can be well simulated.  
In the future work, more traffic data (including empirical data and larger-scale experimental data), in particular, 
traffic data related to traffic breakdown from free flow to synchronized flow, need to be collected. Then the improved 
NHM as well as other models should be examined by using these data. 
 
Acknowledgements: 
The authors wish to thank NGSIM for supplying the empirical data used in this article. This work was supported by the 
National Basic Research Program of China under Grant No. 2012CB725400. JFT was supported by the National Natural 
Science Foundation of China (Grant No. 71401120). RJ was supported by the Natural Science Foundation of China 
(Grant Nos. 11422221 and 71371175). NJ was supported by the National Natural Science Foundation of China (Grant 
15 
No. 71101102). SFM was supported by the National Natural Science Foundation of China (Grant No. 71431005). 
References: 
Ahn, S., Cassidy, M. J., 2007. Freeway traffic oscillations and vehicle lane-change maneuvers. Transportation and Traffic Theory 2007. 
Papers Selected for Presentation at ISTTT17. 
Aghabayk, K., Forouzideh, N., Young, W., 2013. Exploring a Local Linear Model Tree Approach to Car‐Following. Computer‐Aided 
Civil and Infrastructure Engineering 28(8), 581-593. 
Bando, M., Hasebe, K., Nakayama, A., Shibata, A., Sugiyama, Y., 1995. Dynamical model of traffic congestion and numerical simulation. 
Physical Review E 51(2), 1035. 
Bertini, R. L., Monica, T. L., 2005. Empirical study of traffic features at a freeway lane drop. Journal of Transportation Engineering 131(6), 
397-407. 
Brackstone, M., McDonald, M., 1999. Car-following: a historical review. Transportation Research Part F: Traffic Psychology and 
Behaviour 2(4), 181-196. 
Chandler, R. E., Herman, R., Montroll, E. W., 1958. Traffic dynamics: studies in car following. Operations research 6(2), 165-184. 
Chen, D., Laval, J.A., Ahn, S., Zheng, Z., 2012a. Microscopic traffic hysteresis in traffic oscillations: a behavioral perspective. 
Transportation Research Part B 46, 1440-1453. 
Chen, D., Laval, J.A., Zheng, Z., Ahn, S., 2012b. A behavioral car-following model that captures traffic oscillations. Transportation 
Research Part B 46, 744-761. 
Chowdhury, D., Santen, L., Schadschneider, A., 2000. Statistical physics of vehicular traffic and some related systems. Physics Reports 
329(4), 199-329. 
Coifman, B., 1997. Time space diagrams for thirteen shock waves. California Partners for Advanced Transit and Highways (PATH). 
Gao, K., Jiang, R., Hu, S.-X., Wang, B.-H., Wu, Q.-S., 2007. Cellular-automaton model with velocity adaptation in the framework of 
Kerner’s three-phase traffic theory. Physical Review E 76(2), 026105. 
Gao, K., Jiang, R., Wang, B.-H., Wu, Q.-S., 2009. Discontinuous transition from free flow to synchronized flow induced by short-
range interaction between vehicles in a three-phase traffic flow model. Physica A: Statistical Mechanics and its Applications 
388(15), 3233-3243. 
Edie, L. C., 1961. Car-following and steady-state theory for noncongested traffic. Operations Research 9(1), 66-76. 
Gazis, D. C., Herman, R., Rothery, R. W., 1961. Nonlinear follow-the-leader models of traffic flow. Operations Research 9(4), 545-567. 
Gipps, P. G., 1981. A behavioural car-following model for computer simulation. Transportation Research Part B: Methodological 15(2), 
105-111. 
Hafstein, S., Chrobok, R., Pottmeier, A., Schreckenberg, M., Mazur, F. C., 2004. A high‐resolution cellular automata traffic simulation 
model with application in a freeway traffic information system. Computer‐Aided Civil and Infrastructure Engineering 19(5), 338-350. 
Helbing, D., 2001. Traffic and related self-driven many-particle systems. Reviews of modern physics 73(4), 1067. 
Jiang, R., Wu, Q.-S., 2003. Cellular automata models for synchronized traffic flow. Journal of Physics A: Mathematical and General 
36(2), 381. 
Jiang, R., Wu, Q., 2005. First order phase transition from free flow to synchronized flow in a cellular automata model. The European 
Physical Journal B-Condensed Matter and Complex Systems 46(4), 581-584. 
Jiang, R., Hu, M. B., Zhang, H. M., Gao, Z. Y., Jia, B., Wu, Q.-S., Wang, B., Yang, M., 2014. Traffic experiment reveals the nature of car-
following. PloS one, 9(4), e94351. 
Jiang, R., Hu, M. B., Zhang, H. M., Gao, Z. Y., Jia, B., Wu Q. S.,2015, On some experimental features of car-following behavior and how 
 
Kerner, B. S., Klenov, S. L., Wolf, D. E., 2002. Cellular automata approach to three-phase traffic theory. Journal of Physics A: Mathematical 
and General 35(47), 9971. 
Kerner, B. S., 2004. The physics of traffic: empirical freeway pattern features, engineering applications, and theory. Springer Science & 
Business Media. 
Kerner, B. S., 2009. Introduction to modern traffic flow theory and control: the long road to three-phase traffic theory. Springer Science & 
Business Media. 
Kerner, B. S., 2013. Criticism of generally accepted fundamentals and methodologies of traffic and transportation theory: A brief review. 
Physical A: Statistical Mechanics and its Applications 392(21), 5261-5282. 
Kesting, A., Treiber, M., 2008. How reaction time, update time, and adaptation time influence the stability of traffic flow. Computer‐
Aided Civil and Infrastructure Engineering 23(2), 125-137. 
Newell, F. G., 2002. A simplified car-following theory: a lower order model. Transportation Research Part B: Methodological 36(3), 195-
205. 
16 
Laval, J. A., Daganzo, C. F., 2006. Lane-changing in traffic streams. Transportation Research Part B: Methodological 40(3), 251-264. 
Laval, J.A., Leclercq, L., 2010. A mechanism to describe the formation and propagation of stop-and-go waves in congested freeway traffic. 
Philosophical Transactions of the Royal Society A 368, 4519-4541. 
Laval, J. A., Toth, C. S., Zhou Y., 2014. A parsimonious model for the formation of oscillations in car-following models. Transportation 
Research Part B: Methodological 70, 228-238. 
Lee, H. K., Barlovic, R., Schreckenberg, M., Kim, D., 2004. Mechanical restriction versus human overreaction triggering congested 
traffic states. Physical Review Letters 92(23), 238702. 
Lighthill, M. J., Whitham, G. B., 1955. On kinematic waves. II. A theory of traffic flow on long crowded roads. Proceedings of the Royal 
Society of London A: Mathematical, Physical and Engineering Sciences. The Royal Society 229(1178), 317-345. 
Nagatani, T., 2002. The physics of traffic jams. Reports on Progress in Physics 65 (9), 1331. 
Nagel, K., Schreckenberg, M., 1992. A cellular automaton model for freeway traffic. Journal de physique I 2(12), 2221-2229. 
NGSIM, 2006. Next generation simulation. http://ngsim.fhwa.dot.gov/. 
Papageorgiou, M., 1998. Some remarks on macroscopic traffic flow modelling. Transportation Research Part A: Policy and Practice 32(5), 
323-329. 
Rakha, H., Crowther, B., 2003. Comparison and calibration of FRESIM and INTEGRATION steady-state car-following behavior. 
Transportation Research Part A: Policy and Practice 37(1), 1-27. 
Ranjitkar, P., Nakatsuji, T., Azuta, Y., Gurusinghe, G., 2003. Stability analysis based on instantaneous driving behavior using car-following 
data. Transportation Research Record: Journal of the Transportation Research Board 1852(1), 140-151.  
Saifuzzaman, M., Zheng, Z., 2014. Incorporating human-factors in car-following models: a review of recent developments and research 
needs. Transportation research part C: emerging technologies 48, 379-403. 
Shott M. J., 2011. Traffic Oscillations Due To Topology and Route Choice in Elemental Freeway Networks, Ph. D. thesis, Uinversity 
of California. 
Sugiyama, Y., Fukui, M., Kikuchi, M., Hasebe, K., Nakayama, A., Nishinari, K., Tadaki, S., Yukawa, S., 2008. Traffic jams without 
bottlenecks—experimental evidence for the physical mechanism of the formation of a jam. New Journal of Physics 10(3), 033001. 
Tadaki, S., Kikuchi, M., Fukui, M., Nakayama, A., Nishinari, K., Shibata, A., Sugiyama, Y., Yosida, T., Yukawa, S., 2013. Phase transition 
in traffic jam experiment on a circuit. New Journal of Physics 15(10), 103034. 
Tian, J. F., Treiber, M., Ma, S. F., Jia, B., Zhang, W. Y., 2015. Microscopic driving theory with oscillatory congested states: model and 
empirical verification. Transportation Research Part B: Methodological, 71, 138-157. 
Treiber, M., Hennecke, A., and Helbing, D., 2000. Congested traffic states in empirical observations and microscopic simulations. Physical 
Review E 62(2), 1805. 
Treiber, M., Kesting, A., Helbing, D., 2010. Three-phase traffic theory and two-phase models with a fundamental diagram in the light 
of empirical stylized facts. Transportation Research Part B: Methodological 44(8), 983-1000. 
Treiber, M., and Kesting, A., 2013. Traffic flow dynamics. Traffic Flow Dynamics: Data, Models and Simulation. Springer-Verlag Berlin 
Heidelberg. 
Treiterer, J., Myers, J., 1974. The hysteresis phenomenon in traffic flow. Transportation and traffic theory 6, 13-38. 
Wagner, P., 2006. How human drivers control their vehicle. European Physical Journal B: Condensed Matter and Complex Systems 52 (3), 
427–431. 
Wagner, P., 2010. Fluid-dynamical and microscopic description of traffic flow: a data-driven comparison. Philosophical Transactions of 
the Royal Society of London. Series B, Biological sciences 368 (1928), 4481–4495. 
Wagner, P., 2012. Analyzing fluctuations in car-following. Transportation Research Part B 46 (10), 1384–1392. 
Wong, G. C. K., Wong, S. C., 2002. A multi-class traffic flow model–an extension of LWR model with heterogeneous drivers. 
Transportation Research Part A: Policy and Practice 36(9), 827-841. 
Zheng, Z., 2014. Recent developments and research needs in modeling lane changing. Transportation research part B: methodological 60, 
16-32. 
Zheng, Z. D., Ahn, S., Chen, D. J., Laval, J., 2011. Applications of wavelet transform for analysis of freeway traffic: Bottlenecks, transient 
traffic, and traffic oscillations. Transportation Research Part B: Methodological 45(2), 372-384. 
Ahn, S., Michael, J. C., 2007. Freeway traffic oscillations and vehicle lane-change maneuvers. Transportation and Traffic Theory 2007. 
Papers Selected for Presentation at ISTTT17. 
Bando, M., Hasebe, K., Nakayama, A., Shibata, A., Sugiyama, Y., 1995. Dynamical model of traffic congestion and numerical simulation. 
Physical Review E 51(2), 1035. 
Bando, M., Hasebe, K., Nakanishi, K., Nakayama, A., 1998. Analysis of optimal velocity model with explicit delay. Physical Review E 
58(5), 5429. 
Bertini, R. L., Monica, T. L., 2005. Empirical study of traffic features at a freeway lane drop. Journal of Transportation Engineering 131(6), 
397-407. 
17 
Brackstone, M., McDonald, M., 1999. Car-following: a historical review. Transportation Research Part F: Traffic Psychology and 
Behaviour 2(4), 181-196. 
Chowdhury, D., Santen, L., Schadschneider, A., 2000. Statistical physics of vehicular traffic and some related systems. Physics Reports 
329(4), 199-329. 
Chen, D., Laval, J.A., Ahn, S., Zheng, Z., 2012a. Microscopic traffic hysteresis in traffic oscillations: a behavioral perspective. 
Transportation Research Part B 46, 1440-1453. 
Chen, D., Laval, J.A., Zheng, Z., Ahn, S., 2012b. A behavioral car-following model that captures traffic oscillations. Transportation 
Research Part B 46, 744-761. 
Chen, D., Ahn, S., Laval, J.A., Zheng, Z., 2014. On the periodicity of traffic oscillations and capacity drop: The role of driver characteristics. 
Transportation Research Part B 59, 117-136. 
Gipps, P. G., 1981. A behavioural car-following model for computer simulation. Transportation Research Part B: Methodological 15(2), 
105-111. 
Helbing, D., 2001. Traffic and related self-driven many-particle systems. Reviews of modern physics 73(4), 1067. 
Helbing, D., Treiber, M., Kesting, A., Schönhof, M., 2009. Theoretical vs. empirical classification and prediction of congested traffic states. 
The European Physical Journal B-Condensed Matter and Complex Systems 69(4), 583-598. 
Jiang, R., Wu, Q. S., Zhu Z. J., 2001. Full velocity difference model for a car-following theory. Physical Review E 64(1), 017101. 
Jiang, R., Hu, M. B., Zhang, H. M., Gao, Z. Y., Jia, B., Wu, Q.-S., Wang, B., Yang, M., 2014. Traffic experiment reveals the nature of car-
following. PloS one, 9(4), e94351. 
Jiang, R., Hu, M. B., Zhang, H. M., Gao, Z. Y., Jia, B., Wu Q. S.,2015, On some experimental features of car-following behavior and how 
 
Kerner, B. S., Klenov, S. L., Wolf, D. E., 2002. Cellular automata approach to three-phase traffic theory. Journal of Physics A: Mathematical 
and General 35(47), 9971. 
Kerner, B. S., Klenov, S. L., 2002. A microscopic model for phase transitions in traffic flow. Journal of Physics A: Mathematical and 
General 35(3), L31. 
Kerner, B. S., 2004. The physics of traffic: empirical freeway pattern features, engineering applications, and theory. Springer Science & 
Business Media. 
Kerner, B. S., 2009. Introduction to modern traffic flow theory and control: the long road to three-phase traffic theory. Springer Science & 
Business Media. 
Kerner, B. S., 2013. Criticism of generally accepted fundamentals and methodologies of traffic and transportation theory: A brief review. 
Physical A: Statistical Mechanics and its Applications 392(21), 5261-5282. 
Koshi, M., Iwasaki, M., Ohkura, I., 1983. Some findings and an overview on vehicular flow characteristics. In: Proceedings of the 8th 
International Symposium on Transportation and Traffic Flow Theory: 198(1). University of Toronto, Toronto, Ontario. 
Kühne, R. D., 1987. Freeway speed distribution and acceleration noise—Calculations from a stochastic continuum theory and comparison 
with measurements. In: Proceedings of the 10th International Symposium on Transportation and Traffic Theory. 
Li, X., Wang, X., Ouyang, Y., 2012. Prediction and field validation of traffic oscillation propagation under nonlinear car-following laws. 
Transportation Research Part B 46(3), 409-423 
Laval, J. A., 2006. Stochastic processes of moving bottlenecks: Approximate formulas for highway capacity. Transportation Research 
Record: Journal of the Transportation Research Board 1988(1), 86-91. 
Laval, J. A., Daganzo, C. F., 2006. Lane-changing in traffic streams. Transportation Research Part B: Methodological 40(3), 251-264. 
Laval, J.A., Leclercq, L., 2010. A mechanism to describe the formation and propagation of stop-and-go waves in congested freeway traffic. 
Philosophical Transactions of the Royal Society A 368, 4519-4541. 
Laval, J. A., Toth, C. S., Zhou Y., 2014. A parsimonious model for the formation of oscillations in car-following models. Transportation 
Research Part B: Methodological 70, 228-238. 
Nagatani, T., 2002. The physics of traffic jams. Reports on progress in physics 65(9), 1331. 
Nagel, K., Schreckenberg, M., 1992. A cellular automaton model for freeway traffic. Journal de Physique I 2 (12), 2221. 
Newell, F. G., 2002. A simplified car-following theory: a lower order model. Transportation Research Part B: Methodological 36(3), 195-
205. 
NGSIM, 2006. Next generation simulation. http://ngsim.fhwa.dot.gov/. 
Saifuzzaman, M., Zheng, Z., 2014. Incorporating human-factors in car-following models: a review of recent developments and research 
needs. Transportation research part C: emerging technologies 48, 379-403. 
Schönhof, M., Helbing D., 2007. Empirical features of congested traffic states and their implications for traffic modeling. Transportation 
Science 41(2), 135-166. 
Schönhof, M., Helbing, D., 2009. Criticism of three-phase traffic theory. Transportation Research Part B: Methodological 43(7), 784-797. 
Tian, J. F., Jia, B., Ma, S. F., Zhu, C. Q., Jiang, R., Ding, Y. X., 2015a. Cellular automaton model with dynamical 2D speed-gap relation 
reproduces empirical and experimental features of traffic flow. arXiv preprint: 1503.05986. 
18 
Tian, J. F., Treiber, M., Ma, S. F., Jia, B., Zhang, W. Y., 2015b. Microscopic driving theory with oscillatory congested states: model and 
empirical verification. Transportation Research Part B: Methodological, 71, 138-157. 
Toledo, T., 2007. Driving behaviour: models and challenges. Transport Reviews 27(1), 65-84. 
Tomer, E., Safonov, L., Havlin, S., 2000. Presence of many stable nonhomogeneous states in an inertial car-following model. Physical 
review letters 84(2), 382. 
Treiber, M., Hennecke, A., and Helbing, D., 2000. Congested traffic states in empirical observations and microscopic simulations. Physical 
Review E 62(2), 1805. 
Treiber, M., Kesting, A., and Helbing, D., 2010. Three-phase traffic theory and two-phase models with a fundamental diagram in the light 
of empirical stylized facts. Transportation Research Part B: Methodological 44(8), 983-1000. 
Treiber, M., and Kesting, A., 2013. Traffic flow dynamics. Traffic Flow Dynamics: Data, Models and Simulation. Springer-Verlag Berlin 
Heidelberg. 
Treiterer, J., and Jeffrey M., 1974. The hysteresis phenomenon in traffic flow. Transportation and traffic theory 6: 13-38. 
Zheng, Z., 2014. Recent developments and research needs in modeling lane changing. Transportation research part B: methodological 60, 
16-32. 
Zheng, Z. D., Ahn, S., Chen, D. J., Laval, J., 2011. Applications of wavelet transform for analysis of freeway traffic: Bottlenecks, transient 
traffic, and traffic oscillations. Transportation Research Part B: Methodological 45(2), 372-384. 
 
